It was previously shown that enhanced nisin resistance in some mutants was associated with increased expression of three genes, pbp2229, hpk1021, and lmo2487, encoding a penicillin-binding protein, a histidine kinase, and a protein of unknown function, respectively. In the present work, we determined the direct role of the three genes in nisin resistance. Interruption of pbp2229 and hpk1021 eliminated the nisin resistance phenotype. Interruption of hpk1021 additionally abolished the increase in pbp2229 expression. The results indicate that this nisin resistance mechanism is caused directly by the increase in pbp2229 expression, which in turn is brought about by the increase in hpk1021 expression. We also found a degree of cross-protection between nisin and class IIa bacteriocins and investigated possible mechanisms. The expression of virulence genes in one nisin-resistant mutant and two class IIa bacteriocin-resistant mutants of the same wild-type strain was analyzed, and each mutant consistently showed either an increase or a decrease in the expression of virulence genes (prfA-regulated as well as prfA-independent genes). Although the changes mostly were moderate, the consistency indicates that a mutant-specific change in virulence may occur concomitantly with bacteriocin resistance development.
Nisin and the class IIa bacteriocins (also called pediocin-like bacteriocins) are antimicrobial peptides that are produced by lactic acid bacteria and that have the greatest potential as biopreservatives for food. One of the main target organisms in this context is Listeria monocytogenes, a food-borne pathogen that causes severe human illness as well as economic losses for the food industry.
Nisin exerts its antimicrobial action by forming pores in the cytoplasmic membrane through an interaction with the peptidoglycan precursor lipid II (for a recent review, see reference 17) . Enhanced nisin resistance in L. monocytogenes generally constitutes less than a 10-fold increase in the MIC. Nisin resistance in several, but not all, spontaneous mutants of L. monocytogenes was associated with increased expression of three genes, encoding a putative penicillin-binding protein (pbp2229), a histidine protein kinase (hpk1021), and a protein of unknown function (lmo2487) (15) . Inactivation of the twocomponent regulatory system encoded by lisRK resulted in decreased nisin sensitivity (10) . Although various cell envelope changes have been observed in different nisin-resistant mutants, the molecular mechanisms involved remain poorly understood.
High-level resistance to class IIa bacteriocins (at least a 10 3 -fold increase in the MIC) in L. monocytogenes and some other gram-positive bacteria is conveyed by one general mechanism, which presumably involves eradication of the docking molecule (14) . The putative docking molecule is a mannosespecific phosphoenolpyruvate-dependent phosphotransferase system (PTS) encoded by mptACD, which is transcribed by the alternative sigma factor 54 (encoded by rpoN) in conjunction with the activator ManR (12) . The mechanism concomitantly gives rise to a substantial increase in the expression of two ␤-glucoside-specific PTS genes, encoding EII Bgl and a phospho-␤-glucosidase (14) .
A preventative measure that has frequently been suggested for avoiding bacteriocin resistance problems is the simultaneous use of two bacteriocins with different specific pore-forming mechanisms, e.g., nisin and a class IIa bacteriocin. This strategy raises the question of whether cross-resistance between the compounds could occur. Cross-resistance between nisin and IIa bacteriocins is not apparent in wild-type L. monocytogenes isolates (34) . There are, however, contradictory reports regarding cross-resistance following the spontaneous development of resistance to one of the two types of bacteriocins (5, 11, 35) .
Bacteriocins are cationic antimicrobial peptides and are related to the defensin-type components of the innate immune system (28) . Nonspecific cross-protection between cationic peptides could conceivably render bacteriocin-resistant L. monocytogenes mutants less sensitive to defensins. Additionally, high-level class IIa bacteriocin resistance involves changes in the expression of several PTSs (14) , including ␤-glucosidespecific PTSs, which are known to repress prfA-dependent virulence gene induction (7) . All in all, it is therefore important to consider whether the development of bacteriocin resistance could influence the virulence of L. monocytogenes.
The aims of the present work were to provide a mechanistic understanding of nisin resistance and to assess whether the development of bacteriocin resistance could concomitantly confer reduced sensitivity to other bacteriocins or changes in virulence. We determined the role in the nisin resistance mechanism of the three genes that showed increased expression in certain nisin-resistant mutants. Furthermore, we investigated the occurrence of and mechanisms for cross-resistance between nisin and class IIa bacteriocins. Finally, possible changes in virulence were assessed by analysis of virulence gene expression in representative nisin-resistant and class IIa bacteriocinresistant mutants.
MATERIALS AND METHODS
Strains and growth conditions. The wild-type L. monocytogenes strains and derived spontaneous bacteriocin-resistant mutants used here are described in Table 1 . Cultures were grown in brain heart infusion (BHI) broth (Difco, Detroit, Mich.) at 30°C without agitation or on tryptone soya agar (TSA; Oxoid, Basingstoke, United Kingdom), unless stated otherwise.
Bacteriocin sensitivity assay. The class IIa bacteriocins, pediocin PA-1, leucocin A, and carnobacteriocin B2, were prepared as fermentation products of the producer organisms Pediococcus acidilactici PA-2 (C. Hansen A/S, Hørsholm, Denmark), Leuconostoc gelidum UAL 187-22 (29) , and Carnobacterium piscicola A9b (26), respectively, as described previously (14) . The activities of the pediocin and leucocin fermentates were determined by a turbidimetric screening assay (modified from that described in reference 25) with L. monocytogenes 412 as an indicator organism and were expressed as arbitrary units (AU) specific for each compound (P-AU and L-AU, respectively). Carnobacteriocin B2 was kindly supplied by Lilian Nilsson (Danish Institute for Fisheries Research, Lyngby, Denmark); its activity (C-AU) was determined by an agar well diffusion assay with L. monocytogenes O57 as an indicator as described previously (27) . Pure nisin A was kindly supplied by Danisco Beaminster Ltd. (Beaminster, United Kingdom) and prepared as a stock solution of 500,000 IU/ml in 0.02 M HCl.
Bacteriocin sensitivity was assessed as growth inhibition by a low, an intermediate, or a high level of bacteriocin in an agar spot assay. Overnight cultures (BHI broth with the pH adjusted to 6.5) were diluted to an optical density at 600 nm (OD 600 ) of 0.5 and serially diluted to 10 Ϫ2 in physiological saline with peptone, and two 10-l samples were spotted on TSA plates (pH 6.5) supplemented with 0.1% Tween 80 and the appropriate amount of bacteriocin. For each bacteriocin, concentrations were chosen from preliminary experiments such that the low concentration permitted uninhibited growth of most wild-type strains, the intermediate concentration inhibited the growth of most wild-type strains and some mutants, and the high concentration prevented the growth of all wild-type strains and inhibited most mutants. The levels used were 40, 200, and 750 IU of nisin A ml Ϫ1 ; 50, 400, and 2,000 C-AU of carnobacteriocin B2 ml Ϫ1 ; 20, 40, and 3,072 P-AU of pediocin PA-1 ml Ϫ1 ; and 20, 40, and 768 L-AU of leucocin A ml Ϫ1 . The plates were incubated at 5°C for 24 h and subsequently at 25°C for 24 h, and growth was monitored visually. The assay allowed the designation of four bacteriocin phenotypes: extremely sensitive strains could not grow even at the lowest concentration, sensitive strains were inhibited by the intermediate concentration, intermediately resistant strains were inhibited by the highest concentration, and highly resistant strains were not affected by the highest concentration of bacteriocin.
Construction of insertion mutants. Genes pbp2229, hpk1021, and lmo2487 were interrupted in L. monocytogenes 412 and 412N. The three restriction fragment differential display-PCR products (16) were cloned in temperature-sensitive integration vector pAUL-A (9), resulting in plasmids pLG10, pBK26, and pLG11. These plasmids contained a 241-bp internal fragment of pbp2229, encoding putative penicillin-binding protein PBP2229 (annotated as lmo2229 in the L. monocytogenes genome sequence; http://genolist.pasteur.fr/ListiList/); 316 bp (30) and integrated into the chromosome by propagation at 42°C in the presence of 5 g of erythromycin ml Ϫ1 (9) . Integration of pLG10, pBK26, and pLG11 into L. monocytogenes 412 resulted in strains AG100, AG111, and AG106, and integration of these plasmids into L. monocytogenes 412N resulted in strains AG105, AG114, and AG104, respectively ( Table 2 ). Correct insertion was verified by PCR with standard primers for the vector sequence and a primer complementary to chromosomal DNA adjacent to the segment used for insertion. The multiple cloning site in pAUL-A is flanked by terminators, preventing transcription out of and into the inserted fragment (37) .
The MICs of nisin and pediocin for the six insertion mutants and strains 412 and 412N were determined by an agar spot assay. Overnight cultures grown in BHI broth at 37°C without shaking were diluted to approximately 10 7 CFU ml Ϫ1 in physiological saline with peptone, and two 10-l samples were spotted on TSA plates containing 1,500, 1,250, 1,000, 750, 500, 400, 300, 200, 100, 50, 25, and 10 IU of nisin ml Ϫ1 (TSA adjusted to pH 6.5) or 320, 160, 80, 40, 20, and 10 P-AU of pediocin ml Ϫ1 . The plates were incubated at 37°C for 24 h, and the MIC was determined as the median minimal concentration preventing growth for three independent cultures for nisin and for two independent cultures for pediocin. The insertion in the spotted cultures was verified by parallel enumeration at 37 and 42°C on plates containing 5 g of erythromycin ml
Ϫ1 . Construction of pbp2229-lacZ and lmo2487-lacZ transcriptional fusions and ␤-galactosidase assays. A PCR fragment of 345 bp containing the promoter region of pbp2229 was amplified with primers pbp2229-F (5Ј-GGGGAATTCG ATCAGCTTTTGCGTCATATTCC) and pbp2229-R (5Ј-GGGGGATCCGTCC ATGTAACTCTCCTATCTTC); to facilitate cloning of the PCR fragments, the primers contained EcoRI or BamHI restriction sites (underlined). A 332-bp fragment containing the promoter region of lmo2487 was generated with primers lmo2487-F (5Ј-GGGGGAATTCAAAGAACGCACGGAAGAACG) and lmo2487-R (5Ј-GGGGGGATCCCAAGTAGAGTAAGGGCTTCTTC). The PCR fragments were digested with EcoRI and BamHI and cloned into EcoRI/ BamHI-digested pTCV-lac (32), thereby generating plasmids pPBP2229-lacZ and pLMO2487-lacZ. The fusions of the pbp2229 and lmo2487 promoter regions to lacZ in pPBP2229-lacZ and pLMO2487-lacZ, respectively, were verified by DNA sequencing. The plasmids were introduced into L. monocytogenes strains by electroporation (30) .
For the ␤-galactosidase assay, the L. monocytogenes strains containing the lacZ fusion plasmids were grown in BHI medium at 37°C with agitation, and 1-ml samples of cells were collected at various times. Cells were permeabilized by treatment with 0.5% toluene and 4.5% ethanol, and ␤-galactosidase activity was determined as described previously (22) . The specific activity of ␤-galactosidase was calculated as follows: (OD 420 of the reaction mixture Ϫ OD 550 of the reaction mixture)/(reaction time in minutes ϫ OD 600 of the cells used in the reaction mixture). Three independent experiments were carried out. The ␤-galactosidase activities presented are the averages of the three determinations. The observed variations in the three experiments did not exceed 10%.
RNA extraction for analysis of gene expression. The expression of selected genes in exponentially growing cultures of L. monocytogenes 412, 412C, 412P, and 412N was analyzed by DNA microarray hybridization. Strains were grown in charcoal-activated BHI medium (0.2% vegetable charcoal; Merck) at 37°C with agitation, and cells were harvested in mid-exponential phase at an OD 600 of approximately 1. RNA was isolated as described previously (14, 16) with an RNeasy kit supplemented with in-column DNase treatment (Qiagen, Hilden, Germany).
The expression of hpk1021 in L. monocytogenes 412 and 412N and the six insertion mutants was analyzed by Northern blot hybridization. The wild-type strain and insertion mutants were grown at 37°C without shaking, and RNA was extracted from mid-exponential-phase cells (OD 600 , approximately 0.6). The harvested cultures were enumerated in parallel at 37 and 42°C on plates containing 5 g of erythromycin ml
Ϫ1 to verify the insertion. DNA microarray design and fabrication. A DNA microarray was designed to comprise a total of 64 genes from L. monocytogenes covering, among other functions, genes involved in virulence and in putative bacteriocin resistance mechanisms. The microarray also contained a number of spots representing negative and ratio controls. The negative control spots were either samples without DNA, reporting possible carryover contamination, or nonrelevant genes, reporting nonspecific hybridization. The ratio control spots contained a gene sequence complementary to an in vitro-synthesized RNA molecule which was used in equal amounts to spike the cDNA labeling reactions of the mutant and wild-type total RNAs.
Internal gene fragments ranging from 500 to 1,000 bp were made by PCR with specific primers designed for each gene. Excess primers were removed from the PCR products by using GFX columns (Amersham Biosciences, Hørsholm, Denmark), and the DNA amplicons were concentrated to at least 100 ng l Ϫ1 . Purified and concentrated DNA amplicons were mixed 1:1 in dimethyl sulfoxide (Sigma, Gillingham, United Kingdom) and spotted in quadruplicate by using a QPix2 robot (Genetix Ltd., New Milton, United Kingdom) equipped with a microarray accessory unit. Spotting was conducted with ChipMaker CMP3 microspotting split pins (TeleChem International Inc., Sunnyvale, Calif.) and Corning CMT-Gaps-2 coated slides (Biotech Line AS, Slangerup, Denmark). After spotting was complete, the slides were baked at 80°C for 4 h, washed in 70% ethanol for 15 min, heat denatured at 95°C in double-distilled H 2 O for 2 min, and finally rinsed for 1 min in 96% ethanol. The slides were subsequently allowed to air dry in a clean and dust-free environment. The slides were kept sealed at room temperature in a humidity-free environment (e.g., in a dessicator) until used.
Preparation of ivt-RNA. In vitro-transcribed control RNA (ivt-RNA) was synthesized by using a MEGAscript T7 RNA polymerase kit (Ambion) in accordance with the manufacturer's instructions. The RNA was transcribed from a cloned full-length human urokinase plasminogen activator receptor gene (36) . This gene did not have any significant homology to the L. monocytogenes genome sequence.
Preparation of labeled cDNA. Fluorescence-labeled cDNA copies of total RNA from L. monocytogenes were prepared by direct incorporation of Cy5-or Cy3-labeled dUTP analogues through a first-strand reverse transcription reaction with a CyScribe first-strand cDNA labeling kit (Amersham Biosciences) in accordance with kit instructions. For each reaction, 20 g of total RNA and 1 ng of ivt-RNA were mixed with 5 pmol of random-nonamer oligonucleotides before labeling. To remove unincorporated fluorophore-labeled dUTP after the labeling procedure, a CyScribe GFX purification protocol was applied as recommended by the manufacturer (Amersham Biosciences), yielding a final volume of 30 l of labeled cDNA. The efficiency of cDNA labeling was determined spectrophotometrically at 550 nm (Cy3) or 650 nm (Cy5) in combination with OD 260 measurements.
Microarray hybridization. Custom-made DNA microarray slides were prehybridized with 1 ml of prehybridization buffer, containing 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS), 10 mg of bovine serum albumin/ml, and 25% (vol/vol) formamide, at 42°C for 45 min without a cover glass. The slides were rinsed briefly with distilled H 2 O and dried with pressurized air. Subsequently, purified labeled cDNA fractions prepared from equal amounts of wild-type L. monocytogenes and mutant L. monocytogenes total RNAs were mixed 1:1, i.e., 30 l of Cy3-labeled cDNA and 30 l of Cy5-labeled cDNA. To this mixture was added 10 l of salmon sperm DNA (2 g/l) and 70 l of hybridization buffer, containing 10ϫ SSC, 0.2% SDS, and 50% (vol/vol) formamide. The hybridization mixture was heated to 95°C for 5 min in a 1.5-ml Eppendorf tube, followed by centrifugation for 2 min at 6,000 ϫ g. The entire volume of the hybridization mixture was dispensed on the surface of the prehybridized microarray and gently covered with a clean cover glass. The slides were allowed to hybridize in 80% relative humidity at 42°C overnight in the dark. After hybridization, the cover glass was gently removed by dipping the slides into 2ϫ SSC-0.1% SDS at 42°C. The slides then were transferred to 0.1ϫ SSC-0.1% SDS and left at room temperature for 10 min, followed by four washes in 0.1ϫ SSC for 1 min each. The slides were rinsed in distilled H 2 O and briefly dipped in 99% ethanol before being air dried in the dark. At this point, the slides were ready for scanning or could be kept in the dark for later analysis. Gene expression data analysis. DNA microarray data were analyzed from digital pictures of the slide surface acquired by using an arrayWoRx white-light charge-coupled device-based scanner (Applied Precision, Issaquah, Washington) with a 0.5-s exposure time in both the Cy3 and the Cy5 channels and a 10-m image resolution. The arrayWoRx software package was used to determine ratio and intensity values. A microarray grid defining a spot size and a region of interest for each spot was used to calculate spot total intensities and local background intensities in both the Cy3 and the Cy5 channels. Ratio values were normalized automatically according to the average intensity of the eight ratio control spots on each slide. Signal intensities of negative control spots defined the detection limit for expression analysis, and all genes with signal intensities lower than the average negative control spot intensity plus two times the standard deviation were considered not detectable.
To evaluate the statistical significance of changes in individual gene expression levels between the wild-type and the mutant strains, we performed a t test of whether the means of two different sets of ratio values, i.e., the ratio values for the control spots and the ratio values for a specific gene, were likely to be equal. The t test requires Gaussian data and, by doing a QQ-plot test, we found that the deviation of our data from normality was not large enough to warrant rejection of the t test as a method. For each wild-type-mutant combination, a total of 32 data points represented the ratio values for the controls and a total of 16 data points represented the ratio values for each sample gene in two independent experiments performed in duplicate. The t test returns a P value that predicts the smallest level of significance that leads to rejection of the null hypothesis, i.e.,: the average ratio value for the control equals the average ratio value for the sample gene. Since we performed multiple testing of 64 different genes at a time, a Bonferroni correction (2) of the P value was required. Thus, we considered only P values of less than 0.05/64, or 0.0008, to imply significant regulation, representing less than a 5% probability of false-positive regulation in any of the genes.
Northern blot analysis. Northern hybridization with 3 g of RNA was carried out as described previously (14, 16) , and the signal intensity was quantified by using ImageQuant software, version 5.0 (Molecular Dynamics, Amersham Biosciences). The expression of hpk1021 in L. monocytogenes 412 and 412N and the six insertion mutants was analyzed with the same PCR product (545 bp, nucleotides 24 to 568) as that used on the DNA microarray as a probe. This fragment is situated upstream of and partially overlapping the restriction fragment differential display-PCR fragment used for insertional inactivation of the gene (nucleotides 335 to 650). The expression of selected virulence genes (prfA, inlA, inlB, inlC2, and inlD) in L. monocytogenes 412, 412N, 412C, and 412P was analyzed with the same internal gene fragments as those used on the DNA microarray as probes and hybridization to the RNA used in the DNA microarray experiment.
Protein extraction and 2-D gel electrophoresis. The total cellular proteins of L. monocytogenes 412 and 412C were extracted, resolved by 2-D gel electrophoresis, stained with colloidal Coomassie brilliant blue, and analyzed as described previously (33) , except that 18-cm isoelectric focusing strips were used for one-dimensional electrophoresis. Proteins were extracted from two independent cultures of each strain, and at least two 2-D gel electrophoresis analyses were conducted for each sample.
RESULTS
Bacteriocin cross-resistance in spontaneous mutants. In order to assess whether resistance that developed to one bacteriocin concomitantly conferred resistance to other bacteriocins, the sensitivities to nisin A and three class IIa bacteriocins, pediocin PA-1, leucocin A, and carnobacteriocin B2, were determined for 14 spontaneous mutants ( Table 1 ). The bacteriocin sensitivity assay was carried out with low, intermediate, and high levels of the four bacteriocins and allowed designation of the phenotypes extremely sensitive, sensitive, intermediately resistant, and highly resistant to the respective compound. Of the 14 spontaneous mutants, 5 mutants were isolated following exposure to carnobacteriocin, and 3 each were isolated on pediocin, leucocin, and nisin. Additionally, a mutant with an in-frame deletion in the mptD gene, L. monocytogenes EGY2 (12), was tested.
The three mutants isolated on nisin, 412N, 358N, and 409N, were all intermediately nisin resistant and also had reduced sensitivity to pediocin and leucocin ( Table 1 ). The mutants isolated on class IIa bacteriocins showed complete cross-resistance among these bacteriocins: intermediately resistant mutants (strains 412C, 31P, B73-V1, and B73-V2) isolated on one class IIa bacteriocin also had reduced sensitivity to the other two compounds, and highly resistant mutants (strains 412P, 412C2, 358C, B73-MR1, B73P, 3.33A, O57C, and EGY2) had this phenotype for all three class IIa bacteriocins tested. There was, however, no consistent correlation between developed class IIa bacteriocin resistance and nisin sensitivity. The mutants of L. monocytogenes 412 that were intermediately and highly resistant to class IIa bacteriocins all had reduced sensitivity to nisin. This finding was also observed for the mutant of strain 358, which was highly resistant to class IIa bacteriocins. The remaining three mutants with an intermediate level of resistance and five mutants with a high level of resistance to class IIa bacteriocins, originating from wild-type strains 409, B73, 31, O57, and EGDe, had unaltered nisin sensitivity.
Interruption of genes associated with nisin resistance. In order to investigate whether the increased expression of the pbp2229, hpk1021, and lmo2487 genes had a direct role in the nisin resistance mechanism, the genes were inactivated by plasmid integration. Gene inactivation in L. monocytogenes 412 and 412N resulted in various degrees of cell elongation and chain formation. This finding was particularly pronounced in strain AG105, the 412N derivative with an insertion in pbp2229, for which no normal rods were observed in an overnight liquid culture. The strain with the fewest chains was AG114, the 412N derivative with an insertion in hpk1021. The two strains with insertions in lmo2487 showed reduced growth (monitored as the OD 600 ), and this finding was particularly pronounced for the 412 derivative ( Fig. 1C and F) .
The MICs of nisin and pediocin were determined for L. monocytogenes 412 and 412N and the six insertion mutants (Table 2 ). In nisin-resistant strain 412N, insertional inactivation of pbp2229 reduced the nisin MIC, an insertion in hpk1021 conferred extreme nisin sensitivity, and an insertion in lmo2487 had no effect on the nisin MIC. The nisin MICs for the three insertion mutants of strain 412 were unaltered, except for slightly increased nisin sensitivity in the pbp2229 mutant.
In accordance with the bacteriocin sensitivity assay results (Table 1) , the pediocin MIC for L. monocytogenes 412N was twofold higher than that for the wild-type strain ( Table 2) . Inactivation of pbp2229 and hpk1021 but not of lmo2487 in 412N reduced the pediocin MIC to the wild-type level. Inactivation of the three genes in L. monocytogenes 412 had no effect on pediocin sensitivity.
Analysis of the expression of insertion mutants. In order to elucidate whether there was a connection between the increased expression of pbp2229, hpk1021, and lmo2487 in L. monocytogenes 412N, the expression of each of the three genes in the insertion mutants was analyzed.
The expression of pbp2229 and lmo2487 was analyzed by fusion of the respective promoter regions to the lacZ reporter gene in plasmid pTCV-lac. The resulting plasmids were transformed into the six insertion mutants and strains 412 and 412N, and ␤-galactosidase specific activity was determined during growth (Fig. 1) . The two genes were expressed at higher levels in nisin-resistant strain 412N (Fig. 1B and E) than in wild-type strain 412 (Fig. 1A and D) , in accordance with previous ob-servations (15) , irrespective of the difference in growth conditions (37°C with aeration in the present study versus static culturing at 30°C in the previous work).
The expression of pbp2229 was not affected by an insertion in pbp2229 or hpk1021 in strain 412 (Fig. 1A) . Expression was decreased in the lmo2487 insertion mutant, but the reduction conceivably reflected a general decrease in gene and protein expression due to the impeded growth of this strain (Fig. 1C) . Strain 412N had an approximately threefold-higher level of pbp2229 expression than strain 412, and this expression was reduced to about the wild-type level following insertion in hpk1021 (Fig. 1B ). An insertion in pbp2229 or lmo2487 in strain 412N resulted in a slight increase in pbp2229 expression (Fig. 1B) .
The expression of lmo2487 was negligible in strain 412 and the three derived insertion mutants (Fig. 1D) . Expression in strain 412N was increased about 30-fold relative to that in the wild-type strain (Fig. 1E ). An insertion in hpk1021 in strain 412N abolished lmo2487 expression, and an insertion in pbp2229 or lmo2487 resulted in a minor increase in expression (Fig. 1E) .
The promoter region for hpk1021 could not be unequivo- cally deduced from the genome sequence, and the expression of this gene therefore was analyzed by Northern blotting (Fig.  2) . The blot showed a low level of expression of hpk1021 in strain 412 and a slight increase in strain 412N. There was a very high level of expression of a truncated transcript in the hpk1021 insertion mutants of strains 412 and 412N (strains AG111 and AG114, respectively). Expression was not appreciably affected in the pbp2229 and lmo2487 insertion mutants. DNA microarray analysis of genes associated with bacteriocin resistance. In order to investigate the mechanisms of the observed cross-resistance, DNA microarray hybridization was performed for genes previously shown to be associated with bacteriocin resistance. L. monocytogenes 412 and spontaneous mutants 412C, 412P, and 412N were selected for the analysis, since these mutants represent the occurring bacteriocin phenotypes. RNA was isolated from cultures grown in charcoalactivated BHI medium at 37°C with aeration, in contrast to previous studies (15) , where static cultures in untreated BHI medium at 30°C were used. The DNA microarray data are presented in Table 3 .
Analysis of genes associated with nisin resistance showed increased expression of pbp2229, hpk1021, and lmo2487 in L. monocytogenes 412N, in accordance with other results (see above and reference 15). The four genes had unaltered expression in class IIa bacteriocin-resistant mutants 412C and 412P.
The DNA microarray analysis of genes associated with resistance to class IIa bacteriocins (Table 3) showed that under the growth conditions used, L. monocytogenes 412P had substantial increases in EII Bgl (lmo0027) and phospho-␤-glucosidase (lmo0319) expression and considerably reduced mptA and mptD expression. The strain additionally had a significant 1.9-fold increase in manR expression. L. monocytogenes 412C had a significant 1.6-fold decrease in rpoN expression, but this strain had an approximate 3-fold increase in mptA and mptD expression. The expression of mptA and mptD in nisin-resistant L. monocytogenes 412N was about half that in the wild-type strain.
A reduced D-alanine content in cell wall teichoic acids (TAs) was previously shown to confer nonspecific sensitivity to cationic antimicrobial peptides, probably through an increased negative charge of the cell wall (1, 31) . Therefore, the expression of the dal, dat, and dltA genes, which mediate the synthesis of D-alanine and its incorporation into TAs in Listeria (1, 41) , in the spontaneous bacteriocin-resistant mutants was analyzed (Table 3) . L. monocytogenes 412N had a significant 1.8-fold increase in dltA expression. In L. monocytogenes 412P, dat and dltA expression was reduced to less than half that in the wildtype strain.
Verification of the increase in MptA expression in L. monocytogenes 412C. The increase in mptA and mptD expression in intermediately resistant mutant L. monocytogenes 412C was in contrast to previous observations for spontaneous mutants with a high level of resistance to class IIa bacteriocins (14) . The location of the MptA protein in the proteome is well known (14) , and the intensities of the corresponding spots in the proteomes of L. monocytogenes 412 and 412C therefore could be compared easily (Fig. 3) . The intensity of the MptA protein spot in L. monocytogenes 412C was on average sixfold higher than the intensity of this spot in wild-type strain 412.
DNA microarray analysis of virulence gene expression. In order to assess whether the development of bacteriocin resistance may concomitantly alter virulence, the expression of 13 virulence-associated genes in L. monocytogenes 412N, 412C, and 412P was analyzed by DNA microarray hybridization (Table 4). The expression of inlC and lmaA was below the detection limit in all strains. The expression of prfA, encoding the main virulence gene regulator, was reduced 2.4-fold in strain 412C. The expression of PrfA-dependent genes actA, mpl, plcB, and inlB in strain 412C also was significantly reduced by about twofold. Strain 412N had a significant decrease in the expression of seven of the tested virulence genes, including a Ͼ10-fold reduction for inlC2 and inlD, an ϳ5-fold reduction for inlE, an ϳ3-fold reduction for inlA and inlF, and an ϳ2-fold reduction for inlB and actA. The only significant change observed in strain 412P was increased expression of inlC2.
Verification of differences in virulence gene expression. The changes in the expression of selected virulence genes were verified by Northern blotting (Fig. 4) . The tested genes were prfA, encoding the central virulence gene regulator, two prfAregulated genes (inlA and inlB), and two prfA-independent genes (inlC2 and inlD). Quantification of the hybridization signals confirmed the approximate levels of expression changes determined by DNA microarray hybridization. The up-regulation in strain 412P and the down-regulation of inlC2 and inlD in strain 412N were particularly apparent.
DISCUSSION
pbp2229-mediated nisin resistance mechanism. In the present study, we analyzed the direct involvement of increased expression of pbp2229, hpk1021, and lmo2487 in the nisin resistance phenotype of L. monocytogenes 412N (15) by constructing insertion mutants for each of the three genes in strain 412N and wild-type strain 412. Nisin MIC determinations showed that the resistance phenotype was eradicated following (6) . The increased lmo2487 expression also required an active hpk1021 gene in strain 412N; however, inactivation of lmo2487 had no effect on the nisin sensitivity of strain 412N. Taken together, the results indicate that 412N-type nisin resistance is caused directly by enhanced PBP2229 expression, which in turn is caused by the increased expression of HPK1021. Various phenotypes of insertion mutants could be brought , and possibly also the three following genes. None of the latter three genes has been suggested on the basis of homology to have a regulatory role. These observations strongly suggest that the phenotypes of the pbp2229 and hpk1021 insertion mutants are caused directly by eradication of PBP2229 and the HPK1021-RRP1022 two-component signal transduction system, respectively. The two-component signal transduction system encoded by lisRK also affects nisin sensitivity (10); a lisK deletion mutant displayed enhanced nisin resistance but reduced expression of pbp2229, hpk1021, and lmo2487. The lisR gene was included in the DNA microarray analysis in the present study, and the hybridization data established that lisR expression was not substantially changed in L. monocytogenes 412N compared to wildtype 412 (average ratio, 0.87) (data not shown). It is currently not clear how the lisRK and hpk1021 response regulator systems interact in determining nisin sensitivity.
Nisin forms membrane pores through an interaction with lipid II (17) , which is an essential molecule in cell wall synthesis. The fact that only intermediately resistant nisin mutants were isolated could be explained by the hypothesis that highlevel resistance, like that seen with class IIa bacteriocins, is attainable only through one mechanism, namely, elimination of the docking molecule, and the elimination of lipid II is not possible. Intermediate-level resistance, on the other hand, can be obtained through several mechanisms, e.g., modifications in cell envelope charge or density that reduce the accessibility of the docking molecule. Accordingly, nisin sensitivity in various Listeria mutants has been related to membrane charge and fluidity (20, 24, 45) , cell wall thickness (21) , cell wall charge (1), or a combination of these factors (11) . Intermediate class IIa a Ratios and P values in bold represent genes with statistically significant differences in expression (P Ͻ 0.008, corresponding to Ͻ5% probability of false-positive regulation; see Materials and Methods). E, exponent.
bacteriocin resistance in two mutants was related to membrane fluidity (43) .
Penicillin-binding proteins catalyze the incorporation of the disaccharide-pentapeptide moiety of lipid II into the growing peptidoglycan chain, and PBP2229 conceivably mediates enhanced nisin resistance by shielding lipid II and possibly also by reducing the extracellular lipid II concentration. The results presented here thus support previous suggestions that nisin sensitivity is affected by the accessibility of lipid II (8, 15) .
Possible mechanisms for cross-protection between nisin and class IIa bacteriocins. As mentioned above, previous reports on cross-resistance between nisin and class IIa bacteriocins have presented various results. Some Listeria mutants ostensibly did not exhibit cross-resistance (35, 38, 46) , while others showed various degrees of reduced sensitivity to the other compound (11, 40) . In one case, class IIa bacteriocin resistance development was reported to confer increased nisin sensitivity (5) .
In the present work, we observed that the three mutants (originating from three different wild-type strains) that were intermediately nisin resistant all had reduced class IIa bacteriocin sensitivity, but high-level class IIa bacteriocin resistance did not occur. One of the mutants was analyzed by DNA microarray hybridization, and the results suggested two possible mechanisms for the observed cross-protection. L. monocytogenes 412N had an approximate twofold decrease in mptA and mptD expression, corresponding to the twofold increase in the pediocin MIC. A similar expression change occurred in class IIa bacteriocin-resistant mutants B73-V1 and B73-V2, which had comparable class IIa bacteriocin resistance levels (V. Vadyvaloo, personal communication). Additionally, strain 412N had a slight increase in dltA expression, which might lead to a more negative cell wall through increased D-alanine content in TAs presenting nonspecific protection against cationic antimicrobial peptides (1, 31) .
Only a few of the tested class IIa bacteriocin-resistant mutants displayed cross-protection to nisin; three out of eight mutants that were highly resistant to class IIa bacteriocins and one out of four mutants that were intermediately resistant to class IIa bacteriocins had reduced nisin sensitivity. There was thus no correlation between the class IIa bacteriocin resistance level and the occurrence of cross-protection to nisin. DNA microarray analysis of one mutant that was intermediately resistant and one mutant that was highly resistant to class IIa bacteriocins showed that the nisin cross-protection was neither PBP2229 associated nor related to increased D-alanine content. Additionally, Northern blot analysis showed that none of the 12 class IIa bacteriocin-resistant mutants used in this study had an appreciable increase in pbp2229 expression (data not shown). It is therefore presently not possible to suggest a mechanism for the nisin cross-protection in the class IIa bacteriocin-resistant mutants.
Changed virulence gene expression in bacteriocin-resistant mutants-is virulence altered? This report presents, to our knowledge, the first assessment of virulence in spontaneously bacteriocin-resistant L. monocytogenes. We analyzed the expression of 11 virulence genes under conditions that provide prfA-mediated induction. It is customary to use a twofold cutoff value when considering differential gene expression determined by DNA arrays (see, e.g., reference 23). However, differences in transcript abundance of less than 2-fold can be biologically significant (18) , and a lower cutoff value of a 1.5-fold difference in expression therefore also has been used (39, 42) . Several studies on the function of listerial virulence genes have used gene inactivation (3, 9, 13) , which would yield a marked reduction in expression. We are not aware of reports on the effects of moderate changes in the expression of these genes.
L. monocytogenes 412C, which is intermediately resistant to class IIa bacteriocins, had a 2.4-fold reduction in prfA expression. In accordance with this result, a prfA deletion mutant (4) was intermediately resistant to pediocin (A. Gravesen, unpublished results). In addition to the statistically significant decreases in virulence gene expression described here, L. monocytogenes 412N and 412C showed nonsignificant decreases in the expression of the remaining prfA-dependent genes. L. monocytogenes 412P, on the other hand, showed nonsignificant increases (up to 2.4-fold) in the expression of all tested virulence genes. The tested prfA-dependent genes included genes involved in different steps of the infection cycle: inlA and inlB, which are essential for invasion of the intestinal epithelium; actA, which mediates intracellular motility; and plcB and mpl, which are required for escape from the phagosome (for reviews, see references 19 and 44). The consistent changes in the expression of the central virulence genes suggest that virulence may be decreased in L. monocytogenes 412N and 412C and increased in L. monocytogenes 412P. However, since nisin resistance can be acquired through several different mechanisms, it is not possible to extend the presumption to nisin-resistant mutants in general. All in all, our results indicate that enhanced pbp2229 expression, brought about by an increased level of the signal transduction system encoded by hpk1021-rrp1022, is directly involved in the prevalent nisin resistance mechanism occurring, e.g., in L. monocytogenes 412N. We have also shown that intermediate cross-resistance occurs between nisin and class IIa bacteriocins. This observation is important when the simultaneous use of the two compounds is being considered. Furthermore, our results imply that mutant-specific changes in virulence may occur, and if this implication holds true, it may have considerable impact on assessment of the threat imposed by bacteriocin resistance. Supplementary studies with more mutants and virulence assays are required to investigate the validity of the results for bacteriocin-resistant mutants in general and to substantiate the biological significance of the observed changes in virulence gene expression.
